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Abstract
Assessing temporal variability in extreme rainfall events before the historical era is complicated by the sparsity
of long-term “direct” storm proxies. Here we present a 2,200-y-long, accurate, and precisely dated record of
cave flooding events from the northwest Australian tropics that we interpret, based on an integrated analysis of
meteorological data and sediment layers within stalagmites, as representing a proxy for extreme rainfall events
derived primarily from tropical cyclones (TCs) and secondarily from the regional summer monsoon. This
time series reveals substantial multicentennial variability in extreme rainfall, with elevated occurrence rates
characterizing the twentieth century, 850–1450 CE (Common Era), and 50–400 CE; reduced activity marks
1450–1650 CE and 500–850 CE. These trends are similar to reconstructed numbers of TCs in the North
Atlantic and Caribbean basins, and they form temporal and spatial patterns best explained by secular changes
in the dominant mode of the El Niño/Southern Oscillation (ENSO), the primary driver of modern TC
variability. We thus attribute long-term shifts in cyclogenesis in both the central Australian and North Atlantic
sectors over the past two millennia to entrenched El Niño or La Niña states of the tropical Pacific. The
influence of ENSO on monsoon precipitation in this region of northwest Australia is muted, but ENSO-
driven changes to the monsoon may have complemented changes to TC activity.
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Abstract 
 Assessing temporal variability in extreme rainfall events prior to the historical era is 
complicated by the sparsity of long-term ‘direct’ storm proxies. Here we present a 2200-yr-long, 
accurate and precisely dated record of cave flooding events from the northwest Australian tropics 
that we interpret, based on an integrated analysis of meteorological data and sediment layers within 
stalagmites, as representing a proxy for extreme rainfall events derived primarily from tropical 
cyclones (TCs) and secondarily from the regional summer monsoon. This time series reveals 
substantial multi-centennial variability in extreme rainfall, with elevated occurrence rates 
characterizing the twentieth century, the period 850-1450 CE, and 50-400 CE; reduced activity 
marks 1450-1650 CE and 500-850 CE. These trends are similar to reconstructed numbers of TCs in 
the North Atlantic and Caribbean basins, and form temporal and spatial patterns best explained by 
secular changes in the dominant mode of the El Niño-Southern Oscillation (ENSO), the primary 
driver of modern TC variability. We thus attribute long-term shifts in cyclogenesis in both the 
central Australian and North Atlantic sectors over the past two millennia to entrenched El Niño or 
La Niña states of the tropical Pacific. The influence of ENSO on monsoon precipitation in this 
region of northwest Australia is muted, but ENSO-driven changes to the monsoon may have 
complemented changes to TC activity. 
 
Significance Statement 
 Variations in TC activity are poorly known prior to the twentieth century, complicating our 
ability to understand how cyclogenesis responds to different climate states. We used stalagmites to 
develop a near-annual record of cave flooding from the central Australian tropics where TCs are 
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responsible for the majority of extreme rainfall events. Our 2200-year time series reveals shifts in 
the mean number of storms through time, similar to TC variability from the North Atlantic. This 
finding is consistent with modern relationships between ENSO and cyclogenesis, as well as with the 
reconstructed state of ENSO over the past two millennia, suggesting that changes between La Niña- 




 Two primary components of tropical precipitation - monsoons and TCs – are capable of 
producing high volumes of rainfall in short periods of time (extreme rainfall events) that lead to 
flooding. Because both systems respond to changes in atmospheric and sea surface conditions (1, 2), 
it is imperative that we understand their sensitivities to climate change. For example, over recent 
decades, warming of the oceans has driven increases in the mean latitude (3) and energy released by 
TCs (4). These storms (a.k.a. hurricanes, typhoons, tropical storms, and tropical depressions) can 
produce enormous economic and societal disruptions but also represent important components of 
low latitude hydroclimate (5) and ocean heat budgets (6). Monsoon reconstructions spanning the 
last several millennia have been developed using a variety of proxies (7-10), including stalagmites 
(11-13), but reconstructing past TC activity is generally more difficult.  In most of the world’s 
ocean basins, accurate counts of TCs are limited to the start of the satellite era (since 1970 CE), an 
interval too short to capture changes occurring over multi-decadal to centennial time scales. 
Therefore, as a complement to the historical record, sedimentological analyses of storm-sensitive 
sites have formed the basis of TC reconstructions, primarily in and around the North Atlantic and 
Caribbean basins (14-19) that largely focus on near-coastal sequences, including beach ridges, 
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overwash deposits, and shallow marine sediments. Together, these studies have revealed that North 
Atlantic and Caribbean TC activity varied substantially over the past several centuries to millennia, 
with multi-centennial shifts attributed to a range of factors including atmospheric dynamics in the 
North Atlantic, North African rainfall, and ENSO.   
 Today, ENSO represents a dominant control of inter-annual TC activity at a global scale 
through its influences on surface ocean temperature gradients and atmospheric circulation (20-23). 
However, no record has clearly demonstrated the link between ENSO and prehistoric TCs in the 
tropical Pacific, Indian, or Australian regions, leaving unanswered questions about the sensitivity of 
cyclogenesis to ENSO prior to the modern era. This issue is of particular concern given modeling 
results that predict changes in ENSO behavior may accompany anthropogenic warming of the 
atmosphere (24, 25). Fully assessing the sensitivity of TCs to changes in climate requires high-
resolution and precisely dated paleostorm reconstructions from multiple basins spanning periods 
beyond those available in observational data, a goal that has largely proven elusive. Few such 
records unambiguously derived from TCs have been identified, particularly in the western Pacific 
and Indo-Pacific (20, 26-30). 
 
Study Area and Conceptual Model 
 We present a near annual resolution flood record from cave KNI-51 in the central Australian 
tropics (Fig. 1), an area that experiences intense TC- and monsoon-derived rainfall. KNI-51 
(15.18˚S, 128.37˚E, ~100 m elevation) is located in the low-lying Ningbing range of the eastern 
Kimberley of tropical Western Australia, ~20 km south of the Timor Sea (Fig. 1). The cave consists 
largely of a single horizontal passage, 600 m in length and accessed by a 2m2 entrance located along 
the valley floor. Clear evidence of flooding is apparent in KNI-51 and includes mud staining on 
	   5	  
cave walls and speleothems (Fig. 2). Extreme rainfall events flood the cave, suspending fine-
grained sediment that coats stalagmite surfaces. Mud layers are encapsulated within these rapidly 
growing stalagmites after floodwaters recede and growth resumes (31) (Fig. 2). The ages of flood 
layers, which range in thickness from <1-10 mm, are tightly bracketed by precise 230Th dating 
(typically within ± 20 yr; 2 standard deviations) of the stalagmite aragonite. The KNI-51 flood 
record spans the majority of the last 2200 yr, thereby allowing an examination of the nature of 
extreme rainfall events across a time span well beyond the reach of direct observation.  
 The seven stalagmites analyzed in this study were collected from the base of the inclined 
mud embankment on which they had grown, ~500 m from the entrance; the majority of stalagmites 
were broken and down when collected (SI Appendix, Fig. S1). To calibrate the flood signal, 16 
230Th dates with errors of ±1-2 yr were used to determine the ages of mud layers deposited between 
the years 1908 – 2009 CE in the actively growing sample (KNI-51-11) (Materials and Methods; SI 
Appendix, Fig. S2 and Table S1). Growth was continuous over the last century but a change in drip 
position from the center to the margin of the stalagmite in ~1986 CE produced an inclined growth 
surface that made mud preservation less reliable after this time (Materials and Methods; SI 
Appendix, Fig. S3). An additional 33 dates constrain the ages of the six older stalagmites (13), with 
errors on all stalagmites averaging ±30 yr . 
 The hydroclimate of the Kimberley is dominated by TCs and the Indo-Australian Summer 
Monsoon (IASM), both of which occur predominantly during austral summer/early fall (December 
– March) in association with the development of the IASM trough (32). As a result, the region 
experiences substantial seasonal variability in rainfall, with mean annual precipitation exceeding 
800 mm (SI Appendix, Fig. S4). Summer rainfall variability is linked to a number of factors 
including ENSO (32-35). But while there is an appeal in the paleoclimate literature for ENSO to 
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have exerted a significant impact on summer precipitation throughout the Australian tropics (13, 
36), the impact of ENSO on the monsoon rainfall regime of northwestern Australia is complex. 
Canonical ENSO events typically have a muted impact on IASM rainfall in this region (33, 37) with 
La Niña (El Niño) events resulting in only mildly wetter (drier) monsoon seasons. The recently 
recognized El Niño Modoki may be the exception, with such events seemingly characterized by a 
shortened monsoon season containing above average rainfall in some months (38). Rainfall from 
both TCs and the IASM can be intense, with one-day totals capable of exceeding 160 mm and 
maximum three-day totals approaching 500 mm near KNI-51.   
 We constrained the precipitation threshold required to flood KNI-51 by comparing daily 
rainfall data from Carlton Hill Station, the most proximal weather station to the cave site (~40 km), 
with mud layers in stalagmite KNI-51-11. Carlton Hill Station offers a discontinuous record of daily 
rainfall data, with the longest gap spanning 1977-1982 CE. Maximum three-day rainfall 
accumulations provided the strongest relationship between flood occurrence and rainfall (p-value < 
0.015; SI Appendix, Fig. S5 and S6) and therefore represent the most likely mechanism for 
triggering cave flooding. To assess the strength of the link between TCs and precipitation, we 
examined which of the maximum three-day rainfall events could be associated with the passage of a 
TC within a 600-km radius, a window size selected to capture TC rainfall effects (5, 39) (Materials 
and Methods; SI Appendix, Fig. S7). Approximately two-thirds of extreme rainfall events 
exceeding 200 mm were related to TCs, while all of the events in excess of 250 mm were TC-
related (Fig. 3). TCs are similarly responsible for the vast majority of the heaviest 1- and 2-day 
rainfall events. These numbers are striking considering that observational capabilities were limited 
prior to 1970 CE (and thus some TCs likely were not properly identified), and support the notion 
that TCs are responsible for the majority of heavy rainfall events, and thus flooding, at KNI-51 (Fig. 
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3). The veracity of the relationship is further supported by similar changes in TC occurrences and 
cave flood frequencies between 1908-1986 CE (SI Appendix, Fig. S8), although non-stationarity of 
this relationship may be expected in prehistorical periods. 
 As a test of the influence of multi-decadal changes in the IASM on our record, we compared 
our flood time series with oxygen isotope variations within the same stalagmites. Oxygen isotopic 
ratios in monsoon-derived rainwater are largely controlled by the intensity of precipitation events 
(the so-called “amount effect”) (40), and rainwater derived from TCs can also be anomalously 
depleted in 18O (41). Infiltrating water from both systems may be preserved within stalagmite 
carbonate, thereby tracking the strength of the paleomonsoon (13) and, in some cases, past TC 
activity (26, 29, 42) although extremely high temporal resolution and precise age control are 
required. Little consistent correspondence is observed between flood events and stalagmite oxygen 
isotope values, as would be expected if heavy rainfall was simultaneously controlling both oxygen 
isotope variations and flooding events (SI Appendix, Fig. S9). This observation demonstrates that 
the oxygen isotopic ratios of TC rainfall are poorly coupled to TC frequency at KNI-51, likely due 
to the fact that infiltration rate into KNI-51 is rapid, and that stalagmites are routinely submerged 
(and thus not precipitating aragonite) during extreme rainfall events (SI Appendix). 
 The KNI-51 flood record marks the first precisely dated, high-resolution extreme rainfall 
reconstruction for the central Australian tropics and Indo-Pacific and shows pronounced multi-
centennial-scale variability. Our record – which based on these meteorological analyses and 
monsoon reconstruction we interpret as largely reflecting TC activity – reveals moderate numbers 
of extreme rainfall events during 850-1450 and 1800-2000 CE, and low numbers of extreme rainfall 
events from 500-850 and 1450-1650 CE (no stalagmite was identified that spanned 1650-1750 CE) 
(Fig. 4). A sharp spike in cave flooding activity at ~1890 CE occurs synchronously with the 
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introduction of cattle grazing to the area surrounding KNI-51 and that likely triggered a temporary 
change in surface hydrology which may have biased the historical portion of this record (Fig. 4; SI 
Appendix). The shortest recurrence rates (the highest extreme rainfall activity) and also the greatest 
variability occurred from 50-400 CE, with peak values three times those of the 16th century.  
 
Drivers of Tropical Cyclone Variability 
 Today, ENSO is recognized as one of the primary drivers of global TC variability, and 
ENSO impacts the Australian and North Atlantic (including the Caribbean) regions similarly (22, 
23). During La Niña years in the instrumental record, both north Australian and North Atlantic TCs 
are 20% more likely to occur than in El Niño years (21, 43) because cool eastern Pacific SST and 
steeper zonal Pacific SST gradients during La Niña events enhance low-level atmospheric vorticity 
in the Atlantic and Australian main development regions while decreasing vertical shear of zonal 
winds (22, 23, 43) (Fig. 1). 
  Several studies have examined ENSO as a driver of past TC variability (16, 18-20, 30), but a 
primary obstacle to understanding the influence of ENSO on prehistoric TCs is the fact that the 
dynamical nature of ENSO over the late Holocene remains controversial, with no clear consensus 
yet reached on the timing or sign of ENSO prior to instrumental records (44-52). Our data provide 
strong support for the hypothesis that the medieval period (9th-15th centuries) was characterized by 
an enhanced La Niña-like climate state in the tropical Pacific Ocean, as has been suggested by 
numerous previous studies (44, 45, 47-49), explaining the observed elevated TC activity during this 
time; more El Niño-like conditions characterized much of the 16th-19th centuries, consistent with the 
reduced TC activity after 1450 CE (Fig. 4).   
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 These trends in Australian TC activity are strikingly similar to those from multiple sites 
across the North Atlantic and Caribbean basins. Recent reconstructions of Gulf of Mexico (14) and 
Caribbean (15) hurricanes revealed peak activity during medieval times followed by a sharp decline 
into the 16th-19th centuries (Fig. 4). And a synthesis of TC reconstructions based on eight sites from 
Puerto Rico and the East Coast of the United States for the last 1500 years also identified elevated 
numbers of storms during this time, although significant intra-site variability exists (16) (Fig. 4). 
Such synchronous shifts between more and less active TC regimes in the Australian and North 
Atlantic regions agree with modern ENSO teleconnections and are consistent with marine studies 
from ENSO-sensitive areas of the Peruvian margin in the eastern Pacific (44) and the Makassar 
Straight of the Indo-Pacific (52) that show enhanced La Niña activity during medieval times relative 
to periods subsequent or prior. A prominent feature of the KNI-51 time series (present in two of 
three stalagmites that span this interval) is a peak in TC activity at 1350 CE (SI Appendix, Fig. 
S12). Peak numbers of La Niña events are indicated in both the eastern Pacific and Indo-Pacific at 
this time (Fig. 4), suggesting a causal link although other influences on Australian TC activity also 
exist, including the Madden Julian Oscillation (53, 54) and extra-tropical phenomena such as the 
Southern Hemisphere Annular Mode (SAM), a mid- to high-latitude dipole of tropospheric 
atmospheric pressure. Reconstructions of the SAM reveal a short-lived shift around 1300-1350 CE 
that could help account for some of the storms in the 14th century (55). The highest storm activity of 
the entire 2200 yr record occurs as three ~50 yr-long peaks centered on 100, 200, and 350 CE. A 
similar pattern was also reconstructed from a Belize marine sequence (15) (highest hurricane 
activity of past 1500 yr at 200 CE), and from a northeastern Mexico stalagmite (31) (highest 
hurricane activity of the past 2000 yr between 50 – 350 CE). In addition, a 5000-yr hurricane 
reconstruction from Puerto Rico sediments records the highest prehistorical TC activity of the last 
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two millennia as three sharp peaks between 0-500 CE, nearly identical in timing to the KNI-51 
record (although the Puerto Rico time series lacks multi-centennial shifts associated with the 
medieval and 16th-19th century intervals) (19) (Fig. 4). However, neither of the high-resolution 
ENSO reconstructions from the eastern Pacific or Indo-Pacific record enhanced numbers of La Niña 
events at this time. Thus, addressing this question requires extending accurate, high-resolution 
ENSO reconstructions from the Pacific basin through the past several millennia. 
 The influence of ENSO on TC genesis is similar across much of (sub)tropical Australia, 
including from the western (Cape Range) and northeastern (Chillagoe) portions of the continent 
(Fig. 1), the sites of recently developed TC reconstructions based on oxygen isotopic ratios in 
stalagmites (26, 29). The KNI-51 time series differs sharply from these records, with no multi-
centennial TC variability coincident with either the medieval or 16th-19th century periods at Cape 
Range, and elevated TC activity during the 16th-19th centuries in the Chillagoe time series. Today, 
ENSO impacts cyclogenesis at these sites similarly to the Kimberley (23), and thus the differences 
between them may reflect climatological origins such as drivers other than ENSO on TC formation 
or steering (23), rainfall derived from sources other than TCs (i.e., the IASM at KNI-51 and 
northwest cloud bands at Cape Range56), or phenomena such as so-called “masking effects” (57) or 
kinetic influences on oxygen isotopic values (58) – signals that can be difficult to detect in 
individual stalagmites; these are important questions that should be addressed in future studies. 
 Attribution of Australian and Atlantic TC variability to ENSO over the last two millennia 
serves to re-focus attention on the links between a warming world and the tropical Pacific Ocean.  
Most (22, 59), but not all (2) down-scaled computer models suggest that a decrease in global 
numbers of TCs will accompany future warming. However, increased greenhouse gas 
concentrations are likely to shift the heat budget of the western Pacific, which could favor enhanced 
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cyclogenesis if not counteracted by a dynamical response to more El Niño-like conditions. Should 
the Pacific Ocean transition to a more El Niño-like climate state, as suggested by some model 
results (24), then less frequent TCs may become the norm over coming decades to centuries. ENSO 
modulation of extreme rainfall events – largely through TCs but also through less pronounced 
impacts on the IASM – should be considered in hydroclimate models of the Indo-Pacific. 
 
Materials and Methods 
Flood Layer Analysis. Each KNI-51 stalagmite was bisected along its vertical growth axis using a 
water-cooled rock saw. Accumulations of mud layers, ranging in height from <1 to 10 mm, drape 
numerous growth horizons throughout each sample.  The position of flood layers was measured to 
the nearest half-mm from the base of the stalagmite and fitted to the growth model derived from the 
230Th dates.  This growth model was adjusted to account only for the deposition of stalagmite 
carbonate and is not distorted by the thickness of individual mud layers.  Preservation and detection 
of flood-derived mud layers in stalagmites is subject to several caveats.  First, as they grow, 
stalagmites require increasingly deep floodwaters to deposit mud on their caps. Secondly, mud 
deposits form a zone of structural weakness within a stalagmite that could be eroded by later floods, 
erasing evidence of previous storm events. Third, the geometry of individual stalagmites impacts 
their ability to preserve mud layers.  Angular tops on thin stalagmites or steeply inclined tops form 
the least suitable geometries to preserve sediment deposited by flooding.  In many cases, mud layers 
were most visible on the cap margins suggesting that some sediment was eroded by dripwater prior 
to crystallization of aragonite.  Because of this fact, the position in which each stalagmite was 
bisected introduced some degree of variability into our ability to recognize and classify mud layers.  
The majority of stalagmites were broken and down when collected at the base of the mud bank on 
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which they grew, 1-2 m below recent flood markers preserved on the cave walls.  We attempted to 
address these potential problems by using stalagmites formed below the height of cave flood 
markers, by obtaining a high number of precise radiometric dates, particularly during the twentieth 
century, the period of calibration, and wherever possible, by constructing time series from multiple, 
coeval stalagmites.   
 Mud layers were assigned to one of four categories depending on the maximum defined 
thickness of mud accumulation: Type 1: < 0.5 mm; Type 2: 0.5-1.0 mm; Type 3: > 1.0 mm (SI 
Appendix, Fig. S10).  Numerous stains on stalagmite growth surfaces are also present (designated 
as Type 0) but since no appreciable mud accumulation is apparent in these layers, they can not be 
interpreted unambiguously as resulting from cave flooding events and thus were not included in our 
record.  However, including Type 0 events in the time series resulted in an increase in the frequency 
of cave flooding events but largely maintained the overall patterns (SI Appendix, Fig. S11).  The 
distribution of these types varied between stalagmites, in part because differentiation between flood 
types is to some degree subjective and includes the biases associated with preservation.  Sample 
KNI-51-10 is somewhat unusual in that it is characterized exclusively by Type 1 (and Type 0) 
events.  The fine-scale interlayering of flood layers in this sample are responsible for the markedly 
lower precision on its 230Th dates relative to the other stalagmites. 
 Identifying biases within individual stalagmites marks an important step in assessing their 
utility as paleostorm indicators (31). The flood records from coeval stalagmites reveal similar 
variability at multi-decadal scales; the only exception is KNI-51-G (1340-1640 CE) that records 
flood occurrence rates marginally higher than those observed in the two other stalagmites of similar 
age although short-term and long-term trends in flood activity are nearly identical (SI Appendix, 
Fig. S12). The origin of this discrepancy is unclear but may be related to biases associated with 
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flood layer preservation or identification, or the elevation at which this stalagmite grew on the mud 
bank. 
 
230Th Dating. Samples for dating were milled by a hand-held Dremel tool or by using a computer-
guided drill with either a 1 or 2 mm-diameter bit.  Radioisotopic ages were obtained with 238U-234U-
230Th disequilibrium techniques at the University of New Mexico, and ages of mud layers were 
determined by polynomials fit to dated intervals.  Approximately 50-100 mg of aragonite was 
milled from each interval of interest and then dissolved, spiked with a mixed 229Th-233-U-236U 
tracer, and processed using column chemistry methods.  The U and Th fractions were dissolved in a 
3% HNO3 4 ml solution which was then aspirated into a Thermo Neptune MC-ICP-MS using a 
Cetac Aridus II low flow (50–100 µl/min) desolvating nebulizer system.  U and Th separates were 
run as static routines where all isotopes were measured in Faraday cups, with the exception of 230Th, 
which was measured using the secondary electron multiplier (SEM).  Gains between the SEM and 
Faraday cups were determined using standard solutions of NBL-112 for U and an in-house 230Th-
229Th standard for Th, both of which were measured routinely. U and Th blanks are <20 pg and 
half-lives of 230Th and 234U are those of ref. 60.  Unsupported 230Th was corrected for using an initial 
230Th/232Th ratio equal to the average crustal silicate value of 4.4x10-6 (±50%).  Because 232Th 
concentrations were very low, the ages of the uncorrected and detritral Th-corrected ages were 
nearly identical.  Elevated U abundances and δ234U values, low detrital Th (232Th) concentrations, 
and high growth rates allowed extremely precise age determinations on samples as young as one 
year old (Table S1).   
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Calibrating the KNI-51 flood record. Considering only those years containing complete wet 
season rainfall data (December-March), the stalagmite and rainfall time series overlapped for a total 
of 66 years between 1908-2008 CE.  We calculated one-, two-, and three-day maximum rainfall 
totals over the December-March period, and compared these data to the KNI-51-11 flood layer time 
series.  Flood events were assigned to individual years, and a best-case correspondence was 
calculated by shifting the mud layer ages by up to ±1 yr (the minimum age model uncertainties) to 
maximize their fit to these peak rainfall events, thereby preserving the temporal continuity of the 
mud layers.  This is a somewhat conservative method given that it does not allow for compression 
or expansion of ages for consecutive flood layer events, even if it was possible within the errors of 
the dates to do so while still maintaining stratigraphic superposition.  Because of the binary nature 
of the data (occurrence or non-occurrence of a flood event), we used logistic regression to examine 
the relationship between extreme rainfall and flood events. Our expectation is that the larger the 
rainfall amount, the higher the probability of flooding  (Fig. S6). 
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Figure Legends 
Figure 1. ENSO control of TC activity in the Australian region. Top: TC tracks (black lines) for 
the strong El Niño of 1982/83. Colored contours represent a composite of Aug-Dec SST anomalies 
for all years classified as El Niño during the period 1900-2006; SST anomalies derived using the 
classification by ref. 61 that was updated in ref. 62. Yellow circle defines 600 km radius from KNI-
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51; CG = Chillagoe; CR = Cape Range (ref. 29). TC track data were obtained from 
www.ncdc.noaa.gov/ibtracs/index.php?name=ibtracs-data. Bottom: same as top except TC tracks 
are for the strong La Niña of 1988/89 and colored contours represent Aug-Dec SST anomalies for 
all years classified as La Niña.  
 
Figure 2. Flood markers in cave KNI-51.  Left: Photograph of slabbed interior of stalagmite KNI-
51-11 showing ages and errors of dated intervals (in year CE) and flood layers (black arrows); note 
preferential preservation of sediment on margins of growth surfaces, likely as a result of erosion of 
sediment by dripwater striking center of stalagmite cap after floodwaters had receded. Orange 
rectangles denote positions of dated intervals. Right: Flood staining in KNI-51 associated 
predominantly with extreme rainfall events derived from TCs; white arrows denote peak flood 
level.	  
 
Figure 3. Role of TCs in extreme rainfall events.  Peak annual consecutive 1-, 2-, and 3- day 
rainfall totals for Carlton Hill Station for the period of calibration (x-axis in years CE). Gaps 
represent periods of incomplete data collection at the station. Blue and grey circles denote rainfall 
derived from TCs within a 600 km radius of KNI-51, while white circles denote rainfall associated 
with events not assigned to TCs. Dashed lines denote the rainfall thresholds exceeded only by TCs 
(blue circles). TC rainfall varies greatly, and depends on storm intensity, distance from the weather 
station, and duration and track through the area. Thresholds are 150 mm for 1-day, 200 mm for 2-
day, and 250 mm for 3-day consecutive events. 
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Figure 4. Comparison of Australian, Atlantic, and Caribbean TC reconstructions and ENSO 
proxies. A: Flood occurrences (30-yr running mean) preserved in KNI-51 stalagmites (each denoted 
by a different color).  Dashed lines represent multi-centennial averages. B-D: hurricane 
reconstructions from (B) Florida (red) (14); (C) Belize (green) (15); (D) Puerto Rico (blue) (18); 
hurricane activity is related to mean grain sizes of sediments which, for ease of presentation, are 
plotted on a log-scale; and ENSO reconstructions (E) La Niña events (orange) (44); elevated 
cholesterol values indicate increased frequencies of La Niña events; in order to maintain consistent 
temporal resolution throughout the time series, the youngest two data points represent an average of 
multiple, more closely spaced analyses; and (F) Indonesian Throughflow values reconstructed using 
Makassar Straight south - north seawater density differences assessed with foraminifera oxygen 
isotopic ratios (purple) (52); higher (less negative) values represent more La Niña-like conditions.  
Blue shaded regions denote periods of elevated flood occurrences at the KNI-51.  For ease of 
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SI Appendix 
Preservation/Identification of Flood-Deposited Sediment on Stalagmite Surfaces. In addition 
to those discussed in the text, several factors influence our ability to link TCs to cave flooding: 
 Distance vs Intensity Relationships - Large storms distal to the cave may produce rainfall 
events commensurate with more proximal but smaller storms. Studies of South Pacific TCs 
found a pronounced decrease in rainfall with distance, particularly after 600-700 km from the 
eye of the storm (1). Thus, in order to test the 600 km radius window we used to develop our 
calibration, we also calculated the peak annual single and multi-day rainfall totals for TCs within 
500 km (Fig. S7). The differences in results between the 500- and 600-km buffers are minor, 
with most of the offset for low rainfall values; all the large events are still associated with TCs. 
 Closely Occurring TCs - TCs routinely occur in close succession within a single season. 
For example, TC Fay and TC Evan both passed within 400 km of KNI-51 during March 2004, 
and TC Debbie reached a similar distance in December 2003. Because flooding of the cave is 
required to deposit mud on stalagmite caps, and because stalagmite growth may not occur 
immediately after floodwaters recede, multiple TCs within the same season may not be 
individually recorded or be distinguishable from one another.   
 TC Track and Speed – Rainfall intensity at a site is a function of the residence time of a 
storm and the path the storm has followed to that site. TCs weaken rapidly over land and thus 
wind speeds and rainfall amounts typically decrease markedly after landfall (2). However, 
circular storm tracks may increase the time a storm impacts a given site and thereby increases 
rainfall totals there. For example, in February 2011, TC Carlos made landfall near Darwin and 
doubled back on the area, dropping 684 mm of rain in the process. However, its subsequent track 
took it inland to the west where rainfall of only 90 mm was recorded at Wyndham several days 
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later. In 1986, within error of the largest mud layer in KNI-51-11, TC Hector made landfall just 
northeast of KNI-51, resulting in intense rainfall that caused 200-year flooding on the Fitzroy 
River and the evacuation of hundreds of people from nearby Wyndham. Rainfall associated with 
this event reached the 90th percentile for all Januaries on record (from 1898) at Carlton Hill 
Station. In addition, TC Carlos tracked close to KNI-51 in February 2011, dropping 90 mm of 
rain; TC Lua made landfall in western Kimberley in 2012, with three-day rainfall of >500 mm.   
 Storage Effects – Cave flooding should reflect not only the rainfall associated with a 
particular storm event but also the available water storage space in the watershed and in the 
bedrock overlying the cave. Thus, long-term area and cave-specific monitoring is required to 
formally define the exact nature of the cave flood threshold. However, drips had ceased in KNI-
51 when visited in June 2009 and June 2011, approximately 1-2 months after the end of the 
monsoon season, suggesting limited storage capacity above this cave. 
 Changes in Growth Direction – The thickest mud layers in stalagmite KNI-51-11 are 
associated with a change in growth direction, suggesting that the stalagmite shifted its position 
on its mud substrate during large flood events. Such a change in geometry complicates age-
distance relationships between radiometric dates and can interfere with the preservation of mud 
on the stalagmite cap. This problem is limited here due to the high density of high-precision 
dates. Growth direction changed several times during its history, each time in association with a 
thick layer of sediment (Type 3 layer). 
 Diagenetic Alteration – Isolated areas in sample KNI-51-O are recrystallized from finely 
crystalline primary aragonite to more coarsely crystalline calcite. Where such alteration has 
occurred, the change in crystal fabric obscures mud layers, making their identification/ 
classification slightly more difficult. In this case, however, affected portions are on a cm-scale 
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near the central growth axis and in no cases were entire growth bands fully obscured. Thus, mud 
layers were easily discernable, and these areas were avoided for dating. Relatedly, no dissolution 
or alteration is apparent on any growth surfaces (bounding layers) immediately below mud layers 
as would have occurred if dripwater had become corrosive prior to cave flooding (3). 
 
Modern environmental setting. Onset of IASM rainfall in the Kimberley typically occurs in 
mid- to late December, with the poleward displacement of the subtropical jet and ridge. Tropical 
cyclone genesis regularly occurs in association with the monsoon trough which separates trade 
wind easterlies on its southern side from westerly winds between the monsoon trough and the 
equator, and slopes towards the equator with increasing height (4). The position of the monsoon 
shear line over northwestern Australia relates to the Pilbara Heat Low, reflecting landmass 
diabatic forcing and limiting the poleward extent of the summer monsoon regime. The monsoon 
trough extends well north of the continent with maximum cloudiness located at 0 to 5ºS and 5˚ to 
10ºS. Over the region of the Maritime Continent the high SSTs provide a broad, ill-defined area 
of strong convection, indicated by the outgoing longwave radiation (OLR) pattern over the 
region, which can be strikingly different from the well-defined structure and latitudinal position 
of the OLR patterns associated with the intertropical convergence zone over the adjacent Pacific 
and Indian oceans (5). The onset corresponds to a dramatic increase in zonal winds over an 
approximately 90˚ longitude region. The strong convection that is contained within the westerly 
flow, extends over a large region, and locates monsoon depressions.    
 
Possible effects of humans on surface hydrology and the KNI-51 flood record.  There can be 
no doubt that the ecosystems of the Australian tropics have been strongly influenced by human 
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activity, starting with burning by Aboriginal peoples in the late Pleistocene (6) and including 
pastoral and agricultural practices by descendants of European settlers beginning in the 19th 
century. Cattle grazing in the eastern Kimberley, including at Carlton Hill Station, began in the 
late 19th century (7). The denudation of some plant species, coupled with soil compaction and 
other effects associated with the introduction of cattle has been shown to increase run-off and 
soil erosion rates (8-9), and thus we interpret the large spike in cave flooding events in the 1890s 
likely as reflective of changes in land-use practices. If so, then the sensitivity of cave flooding to 
rainfall during the calibration period (1906-1986 CE) may have been somewhat greater relative 
to the earlier portions of the stalagmite record. However, it is unclear what impact these changes 
had on our rainfall/flood event calibration, and this does not change the underlying facts that TCs 
contribute the majority of extreme rainfall events and that the highest rainfall totals are logically 
the most likely to be associated with flooding. Similarly, it is worthwhile considering the 
susceptibility of the full range of our flood layer time series (the last 2200 years) to prehistoric 
landscape changes, but little independent evidence exists for substantive human-induced changes 
to vegetation type over this time (10-12).   
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Fig. S1. KNI-51 stalagmites discussed in this study.  For ease of presentation, scales of individual samples 
were adjusted individually but cm demarcations are visible along central growth axes. 




Fig. S2. 230Th dates and age models.  Vertical lines represent 2 standard deviation errors.  Dates for all 
stalagmites other than KNI-51-11 are from ref. 11.  
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Fig. S4. Monthly rainfall (blue bars) and temperature (grey circles) values from the town of Kununurra, Western 
Australia, located approximately 50 km from KNI-51 (www.bom.gov.au). 
	  	  
Fig. S3. Top of stalagmite KNI-51-11 showing change in growth position after ~1986 CE that resulted in an 
inclined margin that appears to have limited preservation of flood-derived sediment.  Given its geometry, it is 
likely that following retreat of cave floodwaters, re-establishment of drips onto the active growth surface were 
highly effective at eroding any flood-derived sediment.  A more horizontal growth surface did not re-develop until 
approximately 2008. 
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Fig. S5. Logistic model of rainfall thresholds for cave flooding events.  The values “1” and “0” represent the 
occurrence and non-occurrence of a flood event, respectively, for different values of maximum three-day rainfall.  
The black line represents the fitted logistic model; p-value<0.015. 
 
Fig. S6. Three-day peak annual rainfall totals (blue circles for events tied to TCs and white circles for events tied to 
non-TC rainfall) for Carlton Hill Station with correlations to flood layers (vertical orange bars) from stalagmite 
KNI-51-11. Ages of the flood layers have been shifted by up to ±1 yr (minimum age uncertainties from 230Th dates) 
to determine a maximized correlation with three-day peak rainfall events.  In doing so, the ages of all mud layers 
were shifted uniformly, the most conservative possible tuning method, rather than individually which would have 
yielded a higher correlation.  Gaps in the record represent periods of incomplete rainfall data collection. In most 
cases, the highest rainfall totals are associated with TCs and can be temporally aligned with stalagmite flood events. 	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Fig. S8. Five-year running means of observed TC events within 600 km of cave KNI-51 for the period 1908-1986 
CE (black line) with flood events from stalagmite KNI-51-11 (blue line).  The accuracy of the TC count likely 
declines prior to the start of the satellite era (1970 CE) and this undercount is particularly evident in the interval of 
peak TC activity from 1920-1935.  Increases in TC activity are recorded for the same intervals (pink shaded areas) 
in both the historical and stalagmite records. TC track data were obtained from 
www.ncdc.noaa.gov/ibtracs/index.php?name=ibtracs-data. 
	  
Fig. S7. From A-C: Peak annual consecutive 1-, 2-, and 3- day rainfall totals for Carlton Hill Station for the period 
of calibration (x-axis in years CE) using a 500 km radius window. Gaps represent periods of incomplete data 
collection at the station. Blue circles denote rainfall derived from TCs within 500 km radius of KNI-51, while open 
circles denote rainfall associated with events not assigned to TCs. 
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Fig. S9. Top: Flood layer and IASM variability. Comparison of KNI-51 flood record (grey line) with IASM 
reconstruction derived from oxygen isotopic values from the same stalagmites8 (blue). Flood layer values from 
KNI-51-G were reduced by 0.2 to account for observed offset. Stronger IASM is up on the y-axis.  Bottom: 
Correlation between oxygen isotopic ratios and flood events from individual KNI-51 stalagmites.  A negative 
correlation would result from a strengthened monsoon which would increase the likelihood of cave flooding 
while simultaneously enhancing amount effect-related 18O depletion in rainwater. 
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Fig. S10. Mud layer types (T).  Majority of the sediment associated with the Type 3 layer (right panel) has 
been removed.  Linear trough is area milled for dating.  Note that stalagmite growth surfaces associated with 
mud layers do not appear to suffer from corrosion, suggesting rapid submersion by floodwaters.  Mud 
preservation is typically most evident on the margins of stalagmite growth surfaces, likely because dripwaters 
erode newly deposited mud from central growth axis. 
	  
Fig. S11. Influence of Type 0 mud layers on flood layer time series. Composite flood layer time series 
including (grey line) and excluding (blue line) Type 0 mud layers.  Type 0 flood layers were excluded from the 
primary flood reconstruction because their nature and origin is unclear, but may be an artifact of biases in mud 
layer preservation.  This figure provides a qualitative test of the impact of including these layers and reveals a 
minimal impact on temporal trends. 






Fig. S12. Comparison of KNI-51-G (right axis) and two coeval stalagmites (left axis) with (A) same scales, 
and (B) right y-axis compressed to illustrate similar trends between coeval samples.  The origin of the 
elevated numbers of flood layers recorded in stalagmite KNI-51-G is unclear, however the similar trends, 
both at multi-decadal and multi-centennial scales, suggests that trends in flooding frequency is consistently 
recorded by each sample. 
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